A major question in G protein-coupled receptor signaling concerns the quaternary structure required for signal transduction. Do these transmembrane receptors function as monomers, dimers, or larger oligomers? We have investigated the oligomeric state of the model G protein-coupled receptor rhodopsin (Rho), which absorbs light and initiates a phototransduction-signaling cascade that forms the basis of vision. In this study, different forms of Rho were isolated using gel filtration techniques in mild detergents, including n-dodecyl-␤-D-maltoside, n-tetradecyl-␤-D-maltoside, and n-hexadecyl-␤-D-maltoside. The quaternary structure of isolated Rho was determined by transmission electron microscopy, demonstrating that in micelles containing n-dodecyl-␤-D-maltoside, Rho exists as a mixture of monomers and dimers whereas in n-tetradecyl-␤-D-maltoside and n-hexadecyl-␤-D-maltoside Rho forms higher ordered structures. Especially in n-hexadecyl-␤-D-maltoside, most of the particles are present in tightly packed rows of dimers. The oligomerization of Rho seems to be important for interaction with its cognate G protein, transducin. Although the activated Rho (Meta II) monomer or dimers are capable of activating the G protein, transducin, the activation process is much faster when Rho exists as organized dimers. Our studies provide direct comparisons between signaling properties of Meta II in different quaternary complexes.
posttranslational maturation of GPCRs in the endoplasmic reticulum and Golgi apparatus, for cell surface expression, desensitization, and internalization, and for diversification of the signaling power through hetero-oligomerization (1, 2) . Efficient coupling of GPCRs to their cognate heterotrimeric G proteins through dimeric or monomeric forms of the receptors has been suggested in modeling studies (3, 4) , but so far, only a pentameric complex composed of two GPCRs and G protein has been isolated (5) . In our model, one rhodopsin (Rho) molecule needs to be activated whereas the second serves as a platform to support G protein binding and does not require activation (3) . However, the lack of biochemical methods that can produce different oligomers has prevented direct evaluation of the signaling properties of various forms of the receptors.
In addition to atomic force microscopy, we have used blue native and native gel electrophoresis, chemical cross-linkers, and limited proteolysis to show that the GPCR Rho exists as oligomeric structures in isolated disk membranes of rod photoreceptors (3, 6, 7, 9 -12) . The IV-V model of dimerization was proposed by taking into account structural constraints in which the interface between the subunits in the dimer is formed by rotationally symmetric and homologous interactions between the IV and V helices of each protomer (7) . Recently, this model was supported experimentally for the dopamine D2 receptor (8) , suggesting that it may extend to all GPCRs as well. Moreover, solubilized Rho dimers were directly visualized by transmission electron microscopy (TEM) (6) . The isolated disks used in these experiments were produced by well established methods (13) , suggesting that most of the work carried out on the activation of its G protein, Gt, that has been published over the last 20 years employed oligomeric Rho when used as a membrane suspension. It should be noted that the density of Rho varies along the length of the rod outer segments (ROS) within the rod cells (14) , a property that did not allow x-ray or neutron diffraction to detect the intrinsic symmetry within ROS. In mild detergents with increasing detergent concentrations, we find that Rho dissociates from high molecular weight species to monomers (6, 12) . When Rho is reconstituted into asolectin, even at high lipid to Rho ratios, Ͼ90% of the receptor is present as oligomers (15) . In our current studies, we have carried out systematic biochemical screens for conditions leading to the isolation of Rho in different higher order structures. We have taken advantage of the preservation of Rho oligomers in alkyl-maltosides and tested a number of detergents and conditions to produce uniform oligomeric forms of Rho as verified by TEM. Once different forms of Rho were produced (the first time this has been achieved for any GPCR), we tested them in G protein activation and other biochemical assays.
MATERIALS AND METHODS
Chemicals-DDM, TDM, and HDM were obtained from Anatrace Inc. (Maumee, OH). GTP␥S was purchased from Sigma.
ROS Membrane Solubilization-Bovine ROS membranes were prepared from fresh retinas under dim red light according to the procedure of Papermaster (13) . ROS membranes (1 mg/ml of proteins) were treated with 10 mM Bis-Tris propane, pH 7.5, containing 100 mM NaCl and 10 mM DDM, 20 mM TDM, or 20 mM HDM. The membrane suspensions were incubated overnight at room temperature and then centrifuged at 100,000 ϫ g for 30 min using a Beckman Ultracentrifuge to remove insoluble material. The supernatant was used for the purification of Rho complexes by gel filtration chromatography.
Size Exclusion Chromatography-Gel filtration chromatography was performed using a Superdex 200 10/300 GL column (Amersham Biosciences), equilibrated with 10 mM Bis-Tris propane, pH 7.5, 100 mM NaCl, at either 3 mM DDM, 0.5 mM TDM, or 0.05 mM HDM. These concentrations are 17, 50, and 83 times above the critical micelle concentration (CMC) of the respective detergent. The differences in detergent concentrations are correlated with differences in their CMC. The chromatography was carried out at room temperature with a flow rate of 0.4 ml/min. The absorbance of the eluate at 280 and 500 nm was monitored with a Cary 50 Bio UV-Vis spectrophotometer (Varian Inc., Walnut Creek, CA). 30 l of fractions containing proteins were analyzed by SDS-PAGE. The void volume of the column (blue dextran 2,000 kDa; Amersham Biosciences) was in fraction 21, and the column volume as measured with NaN 3 eluted in fraction 62. The column was calibrated using IgG (158 kDa), bovine serum albumin (67 kDa), ovalbumin (43 kDa), and cytochrome c (12.5 kDa). The standard proteins were run through the column with or without detergents. The different detergents did not change the migration of the standard soluble proteins. The linear calibration curve obtained by plotting the logarithm of the molecular mass as a function of the fraction number was used to calculate the molecular mass of the Rho complexes (12) .
Transmission Electron Microscopy-Rho purified by gel filtration in 3 mM DDM (fraction 35), 0.5 mM TDM (fraction 31), or 0.05 mM HDM (fraction 22) was adsorbed for 10 s to parlodion carbon-coated copper grids rendered hydrophilic by glow discharge at low pressures in air. Grids were washed with three drops of double-distilled water and stained with two drops of 0.75% uranyl formate. Electron micrographs of Rho particles were recorded with a Hitachi H-7000 TEM operated at 100 kV.
Total Phospholipid Quantification-Rho was purified by gel filtration in 3 mM DDM, 0.5 mM TDM, or 0.05 mM HDM. The concentration of Rho was determined by its absorbance at 500 nm, using a molar extinction coefficient of 40 4 For complete analysis see supplemental data. Gt Activation Assay-Gt was purified as described previously (12) . Rho was purified by gel filtration in different detergents, including 3 mM DDM, 0.5 mM TDM, or 0.05 mM HDM. The following fractions were used in the fluorescence assay of Gt activation: fraction 35 in DDM, fraction 31 in TDM, and fraction 22 in HDM. The ratio of Gt to Rho was ϳ9:1, with Gt at a concentration of 250 nM and Rho at 30 nM, within the linear range of fluorescence change and protein concentration. The sample was bleached for 15 s using a Fiber-Lite covered with a long pass wavelength filter (Ͼ490 nm), followed by 10 min of incubation with continuous low speed stirring. The intrinsic fluorescence increase from Gt ␣ was measured with a PerkinElmer LS 50B Luminescence Spectrophotometer, employing excitation and emission wavelengths at 300 and 345 nm, respectively (27) (28) (29) . No signals from Rho without Gt were detected in the control experiment.
Protein Concentration Measurements and Rho Stability-Rho concentration was determined using a PerkinElmer Lambda 800 UV-visible spectrophotometer in the range of 250 -650 nm. Rho samples, freshly purified by gel filtration (fraction 35 in DDM, fraction 31 in TDM, and fraction 22 in HDM), were incubated at 50°C while being monitored by UV-Vis absorption spectra with or without 20 mM neutral NH 2 OH. The recorded absorbance was read at 500 nm for 2 h. A standard deviation was calculated from three sets of data from parallel experiments.
Meta II Decay Rate-All measurements were performed in 10 nM Rho purified by gel filtration (fraction 35 in DDM, fraction 31 in TDM, and fraction 22 in HDM) dissolved in buffer consisting of 10 mM BisTris propane, 100 mM NaCl, and 3 mM DDM or 0.5 mM TDM or 0.05 HDM, pH 6.0, which favors the formation of Meta II. A PerkinElmer LS 50B Luminescence Spectrophotometer was used to measure the intrinsic fluorescence increase due to Trp residues, which is correlated with the decrease in the protonated Schiff base concentration (data not shown, consistent with Refs. 30 -33) . Rho was bleached by a Fiber-Lite illuminator covered with a long pass wavelength filter (Ͼ490 nm) for 15 s immediately before the fluorescence measurements. Bleaching was carried out from a distance of 15 cm to prevent heat accumulation, and a thermostat was applied to stabilize the temperature of the cuvette at 20°C. Fluorometer slit settings were 2.5 nm at 295 nm for excitation and 8.0 nm at 330 nm for emission.
RESULTS
The Effect of Detergent on the Oligomeric State of Rho-We investigated the effect of DDM, TDM, and HDM on the oligomeric state of Rho. These detergents have the same head group but contain alkyl chains of different lengths (12, 14 , and 16 carbon atoms). Membrane proteins of ROS (1 mg/ml of proteins) were solubilized in 10 mM DDM, 20 mM TDM, or 20 mM HDM (see "Materials and Methods"), and pro-teins were fractionated using gel filtration chromatography equilibrated with the appropriate detergent. In 3 mM DDM (17 ϫ its CMC), monomeric and dimeric Rho appeared mainly in fractions 34 -35 (Fig. 1A,  upper panel) . In 0.5 mM TDM (50 ϫ its CMC), Rho appeared with a peak in fraction 31 (Fig. 1B, upper panel) . In 0.05 mM HDM (83 ϫ its CMC), Rho appeared very early, mainly in fractions 22-23 (Fig. 1C,  upper panel) , suggesting its presence as oligomers. When the ROS sample was titrated with increased concentration of HDM from 0.05 to 0.5 mM, a similar pattern of elution was observed in gel filtration, suggesting that oligomers are present because of intrinsic stability of the complexes and not because of insufficient amount of detergent. The calculation of the molecular mass of the Rho complexes was supported by the control experiments in which ROS membranes cross-linked with dithiobis(succinimidylpropionate) were solubilized by the same detergents and fractionated by gel filtration column in the same conditions as non-crosslinked ROS (data not shown) (12) . Absorption spectra of Rho purified by gel filtration in examined detergents were measured (Fig. 1, upper panels, insets) . The same maximum of absorption at 500 nm was observed. However, the ratio in absorption 280/500 nm was higher for Rho preparation in HDM (2.9) compared with DDM (2.0) and TDM (2.3). All of these observations indicate that both TDM and HDM preserve the oligomeric structure or that these detergents extract lipids and induce Rho to form Rho aggregates.
TEM of Negatively Stained Purified
Rho-Rho solubilized in DDM, TDM, or HDM exhibits different migration patterns on gel filtration columns, suggesting that the protein exists in different oligomeric states in the various detergents. We used TEM and negative staining to visualize the oligomeric state of Rho in protein peaks coming from size exclusion chromatography in the three detergents. In DDM, there were two populations of particles (Fig. 1A, bottom panel) . The larger particles (major population) had a length of 7.2 Ϯ 0.9 nm (n ϭ 34) and a width of 6.5 Ϯ 0.8 nm (n ϭ 34) and frequently exhibited two elongated domains that were at a center-to-center distance of 3.6 Ϯ 0.4 nm (n ϭ 30). Similar values were previously found for detergent-solubilized Rho dimers (6) . The smaller particles (minor population) had a length of 5.4 Ϯ 0.5 nm (n ϭ 24) and a width of 3.2 Ϯ 0.6 nm (n ϭ 24). These particles did not reveal a distinct substructure and exhibited dimensions compatible with monomeric Rho (34, 35) .
In TDM, although the sample was not fully homogeneous, two significant populations of particles with average diameters of 9.1 Ϯ 0.4 nm (n ϭ 33) and 12.6 Ϯ 0.5 nm (n ϭ 30) were discerned (Fig. 1B) . Wormlike structures having a width of 8.6 Ϯ 0.7 nm (n ϭ 33) were present as well (see Fig. 1B, bottom panel) . In HDM the sample was not homogeneous either, but most of the particles were significantly bigger than those observed in TDM and many displayed a worm-like structure (Fig.  1C, bottom panel) . These particles of varying lengths had consistent widths of ϳ8.2 Ϯ 0.6 nm (n ϭ 26). A similar value was found for rows of Rho dimers in native disk membranes by atomic force microscopy (Fig.  1C, bottom panel, upper inset) (7, 9, 10) . Atomic force microscopy analysis of the structures in HDM revealed a height of 6.8 Ϯ 1.0 nm (n ϭ 60; data not shown), which is in good agreement with the height of Rho perpendicular to the membrane (34, 35) . This finding strongly suggests that HDM, even at concentrations much above its CMC, is unable to disrupt tightly packed Rho structures. This might be attributed to the mildness of this detergent that preserves the native lipids in Rho oligomers. Therefore we examined the phospholipid content of the Rho samples obtained by solubilization and gel filtration purification in DDM, TDM, and HDM. Typically, in disk membranes ϳ65-75 phospholipids/Rho molecule are present (36, 37) . We found that in the sample purified in DDM, the phospholipid:Rho mole ratio was 22.0 Ϯ 3. In the sample purified in TDM, the ratio was 24.0 Ϯ 4. The sample purified in HDM contained 44.0 Ϯ 8 phospholipids/Rho molecule. No specific depletion of phospholipids was observed as determined by mass spectrometric analysis (see supplemental data).
Gt Activation by Meta II-Differences in the oligomeric state of Rho caused by solubilization in the investigated detergents influence the rate of activation of Gt. Rho purified by gel filtration in 3 mM DDM, 0.5 mM TDM, or 0.05 mM HDM was used to activate Gt, a process monitored at 345 nm ( Fig. 2A, B, and C, respectively) (28, 29, 33) . Conditions for the assay were chosen so that the Gt activation rate was the same as that determined by GTP␥S-induced complex dissociation (27) . Initial activation rates were determined during the first 200 s after GTP␥S addition. In all experiments, an increase of fluorescence was observed, but in the case of Rho purified in TDM the reaction was two times faster, and for Rho purified in HDM the reaction was several times faster and with higher apparent cooperativity than for Rho purified in DDM. These results suggest that Rho oligomers observed by TEM in HDM (Fig. 1C,  bottom panel) represent the most active form of Rho * as compared with Rho isolated in DDM and TDM. The oligomeric organization of Rho has important implications for the fast response of the activated receptor and, thus, signal amplification.
In HDM where Rho was present as the highest oligomers and the Gt activation was the fastest, the largest amount of phospholipid was attached to Rho. To determine whether phospholipids alone can influence the ability of Rho to activate Gt, the Gt activation assay was performed in samples containing the excess of exogenous phospholipids. Phosphatidylserine, phosphatidylethanolamine, phosphatidylcholine, and phosphatidylinositol were added to Rho purified by size exclusion chromatography in DDM with the ratio of 100 phospholipids:Rho molecule. We did not detect any effect of exogenous phospholipids on the Gt activation rate (data not shown). A possible explanation for these results might be that the detergent present in the solution sequestered both phospholipids and Rho, preventing formation of Rho oligomers. These results suggest that lipids affect Rho properties indirectly by preservation of its oligomeric status.
Meta II Decay-Trp residues exhibit only weak fluorescence in dark state Rho, with the maximum fluorescence at 330 nm. Following bleaching and formation of Meta II, Trp fluorescence increases (30 -32) . The decay rates of Meta II Rho purified by gel filtration chromatography in DDM, TDM, and HDM were examined by measuring changes in Trp emission at 330 nm (Fig. 3, A, B, and C) . When the data were fitted to a first-order reaction, relaxation times of ϭ 17.5 min for Rho in DDM, ϭ 20.4 min for Rho in TDM, and ϭ 24.6 min for Rho in HDM were measured. Therefore, Meta II decay is quite similar in all used detergents, DDM, TDM, and in HDM.
Because NH 2 OH promotes removal of the chromophore from the binding site(s) following illumination, a rapid increase in fluorescence was seen for Rho in all three detergents in the presence of NH 2 OH. No significant differences were observed between them (Fig. 3, A-C, and  insets) , suggesting that although oligomerization may affect normal channeling of the chromophore, the difference in Rho decay is alleviated in the presence of the strong nucleophile.
Rho Stability-Time-dependent denaturation of Rho purified by gel filtration in DDM, TDM, or HDM was also measured. Rho in TDM and HDM (Fig. 4 , B and C, filled circles) was more stable than Rho in DDM (Fig. 4A, filled circles) . After 2 h of incubation at 50°C, 60% of Rho in DDM lost its chromophore, whereas Rho in both TDM and HDM was very stable (Fig. 4, B and C, filled circles) , indicating that the tightly packed oligomeric state protects the protein from denaturing. This difference in stability between the different forms of Rho was not diminished even when a strong nucleophile, NH 2 OH, was added (Fig. 4, A-C,  empty circles) , suggesting that the highly organized Rho is more stable than the dissociated Rho in DDM (Fig. 4A, empty circles) .
DISCUSSION
Increasing evidence supports the idea that GPCRs in membranes exist as homo-and/or heterodimeric complexes (2) . Furthermore, these dimers may be organized into higher order structures (for example, see Refs. 1, 3, 7, 9, 38). The oligomeric structures appear to be preserved among other GPCRs because they are essential for biosynthesis, cellular Mutagenesis studies on serotonin 5-HT2C further support the stoichiometry of two GPCRs/one G protein molecule (39) . Here we tested the influence of alkyl-maltosides on the preservation of Rho oligomers as well as on the relationship between the quaternary structure of Rho and its signal transduction capacity. Rho solubilized in three different detergents was purified by gel filtration chromatography, and protein particles of different molecular masses were visualized by TEM. TDM and HDM have the same polar groups as the widely used DDM, but they contain longer alkyl chains (14 and 16 instead of 12 carbon atoms). This is expected to have an effect on the stability of the oligomeric structure of Rho. It has been shown that purified leukotriene B4 receptor BLT1 is more stable in detergents with long hydrophobic chains than in detergents with short chains (5, 40) .
Alternatively, TDM and HDM might extract more lipids during solubilization than DDM, causing receptor aggregation or oligomeric structure preservation. We found no significant change in the different types of phospholipids among all solubilized Rho preparations, but approximately twice as many total phospholipids were associated with Rho purified in HDM than in DDM and TDM. As observed earlier, CHAPS also has the ability to extract similar amounts of phospholipids, and a higher oligomeric organization of Rho in this detergent was reported (12, 41) .
By negative stain TEM we have observed that Rho solubilized in 3 mM DDM exhibited a bimodal size distribution. The larger particles comprised the predominant population and possessed shapes and dimensions similar to previously examined Rho dimers (6) . The loss of Gt activation capacity of these preparations is apparently related to the disruption of Rho oligomers by solubilization in DDM. HDM-solubilized Rho, however, revealed a more heterogeneous particle distribution exhibiting a large variation in shape and size. The frequent worm-like structures had a width compatible with those of the rows of Rho dimers seen by atomic force microscopy in native disk membranes (7, 9, 10) . When considering G protein coupling, there is a strong possibility that GPCRs are induced to be organized into dimers or higher oligomers. However, our results strongly support the hypothesis that the functionally most active unit of Rho is a dimer organized in higher ordered structures. Therefore, the oligomeric organization of Rho has important implications for Gt recognition, binding kinetics, signal amplification, and termination. Our experiments demonstrate that Rho activity goes down in the samples containing fewer dimers. In DDM where a mixture of Rho monomers and dimers was observed, the activity of Rho is the lowest and it increases with higher oligomerization. In HDM, where the highest oligomers were present, Rho appears to be the most active. These results explain how the dense packing and high organization of Rho molecules is important for rapid light signal transmission.
Our results from biochemical analyses together with mass spectrometric analysis of lipids suggest that lipids affect Rho properties indirectly by preservation of its oligomeric status. Rho oligomers in TDM and HDM display higher stability than Rho in DDM. This is not surprising, considering that Rho could be stabilized by additional interactions between neighboring Rho molecules.
In summary, for the first time for any GPCR we have isolated different oligomeric complexes of Rho. We find that oligomeric Rho is the active form, whereas monomeric Rho may have lost the ability to efficiently activate Gt. This suggests that oligomerization of GPCRs may be crucial for signal transduction.
